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Exporimontal Itmmruonts in a Radio Froquoamy Discharge
Ifemtod Suporsonio PIGw: Evaluation of ● Potential Electric

Propulsion Thrwtor

P. J. Wantuck* and D. E. Hull
Chemical and Laser Sciences Division

Los Alamos National Laboratory
Los Alamos, NM 87545

Abstrac&

An operational radio frequency discharge-driven
supersonic flow system, which utilizes an inductively and
capacitively coupled plasma (ICCP) tube to produce high
enthalpy source gas, is described. The ICCP coupled to a
properly designed nozzle represents a potential electric
propulsion device. The high gas temperatures achieved in
the plasma discharge (> 5000 K) and the elec*rodeless nature
of the tube’s operation offers potentially high thruster
performance c~upled and long operational lifetime. A
preliminary charact.erizatton of the current system was
established using emission and probe-based measurements. A
nominal peak specific impulse of 155 s was estimated for
operation with arqan. The calculated thrust based upon the
peak velocity and mass flow through the device is 1.1 N.

1S is generally recognized that to accompliu!i the
mission gcals set forth by the Space exploration lnitiat.iv~?
(SEI) requires continued development of advanced propulsion
‘onccpts and technology. Xlectric propulsion -UpCclK:;to be
pi~rticuldrl;~well suited for SEI missions K?Jt?reIunt;tliljht
tlmcs lre not 0! concrrnl. Examples of sucl.ml~sions
include tri~nsfer from low earth orbit (LEO) to
fjuusynchronous earth orbit (CEO) and cargo transport
missions t.othe moon and other planetary bodies. ‘l’h@hi(jt]

1~r
Cilpilbi 1ity of eiectric propulsion systems oi ~er’;

dl~tinct. advant,aqes over chemic~al sy,stcms in both t-tul~l[=titill
o!” required on-board propell;~nt and an i ~crei~sc itl (Jt-hit –

r,~isinq mass delivery. Ilcattie iltltil)enn!2Calculiltc’t“tl,lt11
vchiclr cxccutinq a maneuver with a velocity Ctl,:n(le,AV, (I!
f~[)Of)ml:;:;hows d flvc-to-onc rcwlu{:tinn in prt]pcll;ltl~III,I:;::
thiltM{l!;t])(> (~(’1 iVC!rOd tO ]I~(_) ,1!; ttlU 5])CCif i(~ imi)lll::l’ ~)f CI

::~),1(’m.:l”,ift itlcl”oits~sfrom )00 (t”tlonlic,llpt-q)ulsiutl)to lt~[)[)
:: (f~lo(.tri(:propu]:;iotl). In ddditioll, they (“,ll(:lll,itl’ ttlllt

f or ttl(’ :;iimuAv, iinelet:tric thru:;tpr (I])(?rilt inq with [in I~;,
()! Ioo[):;(x)uld dcl ivr~rtl~ulrlyl(n]ttim(’::thr roll:;::to (}1~11i
,t:;(IOUI[l,1(-h~’mi(.tll::y:;tf’ntwitl~ ,ltll!;l,(Jf J[)()::.



Electric propulsion thrusters are clansed into three
categories, namely, electrothermal, electrostatic, and
electromagnetic. The ICCP or radio-frequency heated
thruster, depicted schematically in Fig. 1, is classified as
an electrothermal device along with arcjets, resistojets,
microwave and laser-sustained thrusters. With such devices
the propellant is heated to high temperature by various
mechanisms such as DC arcs, resistive elements and plasm~
discharges, and then expands through a threat ind nozzle to
produce thrust. The propellant exhaus

f
yn:oelty for such

thermal thrusters is proportional to T lA, where T
represents the temperature of ths propellant before
expansion. These electric propulsion thrusters generate
very high source temperatures such that their propellant
exhaust velocity and hence operational Is are high.

3 have prGjecteexample, Power and Chapman ~1 ‘sin th~”;005
to 4000 s range for a microwave plasma thrus ?~r operating
with hydrogen propellant. DC arcjets have recently
exhibited ~~p’s great er than 1000 s in tests with hydroqen
propellant .

The primary advantage of the ICCP thruster is its
electrodeless mode of operation. The absence of qas
contacting electrodes has several ?.dvantages inc~uding
potentially long operational lifetimes, reduced plurnc
contamination, and enhanced operating efficiency due to

airect deposition of energy into the propellatlt. In
addition, the plasma discharge can be ❑ainta~nd in a !“rLIt?-
floating mode; that is it does not contact the walls of t.hk?
plasma tube. Such operation reduces the reliame on ~J;.’jh
temperature materials for plasma tube constru~:tl(.}:1.



relevance ttt.ICCPthruster das+~n as it may increase
opdration efficiency and thrust valu?s.

!Zs.tuaL.Gbm-*-i#tl cs Q
.
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components of this system is shown in Fig. 3. Although not
designed for such an application, the resemblance of this
system to an RF thruster test stand is obvious. The major
components comprisi
described elsewherey~ ‘he ‘Ccp ‘lOw ‘yStem “ve beenbut a review of Its construction is
appropriate for this paper. As seen in Fig. 3, the major
components of this system are the plasma tube, transition or
coupling apparatus, cooled supersonic nozzle, expansion
chamber ana heat exchanger. A throttle valve, positioned
downstream of the heat exchanger is used to both isolate the
expansion chamber from the pumping system as well as adjust
the background pressure in the expansion chamber. A gas
cooled (liquid nitrogen boil off) trap is connected to the
main evacuation line behind the throttle valve to reduce oil
vapor contamination. The assembled components ~re tied to a
gas feed system and evacuated by a high-capacity vacuum
pumping arrangement.

Gas is introduced to the system from standard “k” type
high pressure gas bottles o~ from tube trailers. Regulation
is accomplished through a combination of conventional
regulators, dome-loaded regulators, valves, and flow meters.
‘rhevacuum system is comprised of two sets of mechanical
booster pumps and a rotary-piston backing pump and has a
maximum pumping capacity of 5000 CFM (expansion chamber
pressure as high as 25 torrj. A blowdown capability is ,Il:;o
available.

The rectangular expansion chamber contains multiple
windc”ws along each of its sides to provide optical access to
the nozzle discharge and for the use of non-intrusive ln:mt-
.ii3gnrwst.ii:’”” to characterize the flow, The water-coolod 11(’,lt
excha~.ger, .onnected at the downstream end of the chilmbc!r,
cof~ls t,he h~qh tempel a~ure gas stream for evacuation by t]i[’

~Nmp~fq sy~tem. Working off of house cooling wi~tc~, thr
heat rxch.>..’]erercan safely remove up to 1’)()ktiI“romt.hpq,l!’i
rtl”o.,’,’.

“Ihg :::::,~ LAMQS..M.ULLUCC,P mm
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manifold. This segmented shield, easily discernible in Fig.
4, provides several important functions. As noted
previously, it isolates the plasma discharge from the cuter
quartz cylinder thereby preventing mantle failure in the
event of radial plasma expansion. Unshielded tubes rely
primarl~y upon a sheath gas for such isolation as well as to
cool the outer quartz mantle. Other schemes have been
devised to simultaneously cool and protect the mantle but
none, including the sheath gas method, have proved entirely
successful over the desired range of operating conditions.
The unique segment design of the Los Alamos ICCP tube
eliminates direct line-of--sight between the discharge and
the surrounding load coil. Such a design reduces the amount
of IN radiation escaping from the discharge region and
ionizing the air in the gap between the load coil and
mantle. Such ionization can result in electrical breakdown
and arcing which in turn can “punch” a hole through the
quartz. In addition, the shield can be operated in
different electrical modes (i.e., floating, biased, or
grounded) which can greatly influence the tube’s ability to
sustain a plasma discharge. A qllartz window in a water-
cooled flange located at the far upstream end of the tube,
provides visual access to the tubers interior and allows for
probing of the plasma discharge with various optical
techniques. Gas is introduced to the interior of the plasma
tube through a channel in the manifold which supplies water
to the shield segments. With the current design, gas is
injected through a circular gap in an attempt to genaratc a
Laminar gas profile through the load coil region. Certain
other unique features of this Hull tube, which could
positively enhance tube perforrndnce levels, are currently
undergoing patent review and can not be discussed here.

The plasma tube is connected to a water-cooled ccq~pct-
flange which in turn is coupled to a transition i~ppar.~t(l:;.
The transition apparatus is essentially a water-coole(i
channel which is conncctcd to a nozzle Iocatcd in the
interior of the expansion chamber. This rectang~llar nozzl(’,
[!icturcd in Fiq. 5, incorporates straiqht wall, converqin(i
,indcliverqinq sections to produce Casupersonic exit flow.
‘[’hofact.that the nozzlo is not directly couplctl to t.hf?~’xit
0! the pld!:lllii tUt)@, ii~ WOU!.d be done for ar~ ii~~tu,il thrll:it(’1”,
,“indits non-opt.imum rcctanqular confiqurat.ion, rcducc.s tI](*
miiximurn ntt.ainabl(?exhaust velocity (i~ndhenee 1::1))“ ‘1’h{l!;,
the c’~rrent system design (althouqh necessary Ior thv
(“ur-r-pnt uxnmhstion experiments) , is not. opt. imt zu(i l“(~r. -I 1{1)
t hr(i::tcrii~’pl i~”iltion. Nevort.helo:~:~,moil:+urrmnnt.:~()f I11~~
();wt”litin(; propel-t. il~:; 0! t h i:; :3yutem c,ln }Jrovi(lc,tnt.’:;timl]! (I
of its potorltic~lcl:;,]r~thrustor.
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an Har~ley-type oscillator section. The oscillator section
consists of a tank circuit (capacitance-inductance circuit) i
amplifier, and feedback circuit. The feedback circuit (tied
to the grid of the oscillator triode tube) provides
flexibility for matching a wide variety of loads. The load
coil that surrounds the plasma tube is connected to the
generator tank circuit by a water-cooled coaxial line.
Control of the RF power is done by varying the DC voltage
level applied to the oscillator tube. The operating
frequency of the generator (and hence plasma tube) is
determ~.ned by the tank circuit. For the 50 kW unit, the
output frequency can be varied between 0.15 to 1.0 H.hz. The
ability to change the output frequency represents an
additional means of load matching. For the current
experiments, the operating frequency is 680 kHz.

Jlesults

General O~eratinu Character istic~

The plasma tube has been operated with a valiety of
gases over a range of pressures and flow rates. Pressures
up to 1000 torr with argon has been established along with
mass flow rates as tiighas 120 slm. Other gases including
N2, C02, H2, and O have also been introduced in the tube

tusually in combina ion with argon gas. In preliminary
testing, the Los Alamos tube exhibits the desired
characteristics of both the shielded and unshielded plasma
tube, namely, the plasma discharqe is maintained without
shrinkage as the load coil power is increased. The plasmil
tube’s electrical configuration For the present experiments
is a floating shield with the rest of the elements at ground
potential. The plasma discharge is obsnrved to be stable
throughout the tubes’s tested range (pressure and flow ratf})
although flicker is observed at th~ high flow rates upstrc,~rn
of the load coils. Such flicker is thouqht to be indicat.ivo
of turbulence in the tube. No distinct =odal shapes ht~vc
been visually observed upon inspection of the discharge
through the tubers observation port and the plasma radii~l
distribution appears to be quite UnifOrm. Typical tube
opcrtating efficiencies, defined as the ratio 01 the powur
:iup[~licdto the plnsrna tiischarqe divided by the totiil l)(~w(’t.
s~lpplicd to the tube, is in the ranqe 5S to 6’)%. C)nc
olitsti~ndinqfeilture01”this pl.asm,atube is it:;,thility to
initiato iiplasma dischnrqt! upon application ot”the l?lI’

This lssO1f start.inqQC~:,lp,mbiI ity ~l)vi;ltos t.11~ 11~”’~’(1iiol~i.
t“fll”o~llyPXt Qrllii 1 iniki,it.ion mcch~inism (sul.h A:;,1:;]liil-kor”
hucltA (Ii.ilphitc rod) .

Emis:;ion :S~Jqct.rq

AI-:lO1l~smi:;:+i{>nJ J( I .Ihi~vcbeen mcca:+llrmiin ttit’II~)x;”,I
!Ixtl,ill!;t ,!sW(*II 91:1i!1t!l,. II.l:;mc~tIlh{t(1i:;~”hilr[]~. 1“’illlll(~(I
~lf’l)i(.t:itI]t’{’xl)orinl,.1.I.,:Irclnqcm~nt ut iIiz(~dt()l“c’~-~ll”tl::11~”



spectra. The emitted light is focused onto the sntrance
slit of a 1/3 m monochromator (ISA model H32C)) with
appropriate optics, separated by a 1800 grimm grating and
amplified using photomultiplier tube (Hammamatsu R666S
and/or lP28Aj. The signal is sent through an amplifier
(Tektronix AM5C2) and recorded on a strip chart recorder. A
similar setup is used for measuring plasma discharge
parameters in the plasma tube. Figure 7 shows a partial
emission spectrum for an argon discharqe recorded in the
interior of the plasma tube. In general the emission
spectra were recorded over a wavelength range spanning 4000
- 8000 II. Characteristic argon emission lines are observed
in all sets of spectra, however, there is a distinct lack of
ionized atom lines. Temperatures can be estimated from “~uch
spectra utilizing several methods including the.single
atomic line method, ty? line radiance ratio method, an~lan
atomic Boltzmann plot . We have used the atomic Boltzmann
plot technique to estimate local plasma temperatures. With
an optically thin radiation source, the intensity I
atomic tranq~:ion from an upper state n to a lower %:;rrnan
is given by .

Inm = (l\4~)na[gn\Za( T)]Anm(hc\~nm) exp(-En\kT), (1)

where,

1 = the path length of the SOUI

‘a = thn concentration of atom
9n = the statistical weight of
Za(T) = the partition function
A = the probability of tranS:
h
nxn
= Planck’s constant,

c= the speed of light,
~n~ = the-emitted line wavelength,

= the upper state energy,
kn= Boltzmannfs constant and,
T = the excitation temperature.

The atomic Boltzmann method is essentially a plot of the
logarithmic form of Eq. 1, namely,

ln[InmJnm/qnAnm] = C --~n/k’r. (2)

The excitation tcmperdture is derived from the slope of the
“best fit” straight line fitted to a plot of the left hami
si(icof Eq. 1 versus upper state energy, En. Fiqurc [1
represents one su(:hplot. At a tub~ pressure of 100 to]”r,
the cxcit.~~t.iontompcrnture was determined to be
.~pproximittely%300 K. As the tube pressure Lncrc.lscd to ‘loo”
torr, ‘l’cxcflroppcxito 4%00 K. SUCh a drop may bc i~t.t t i l)utc’tl
to i l~t:rei~sc[i (:c.xI1 i ml by the hiqh rate of introdul:t-iIJII()!
amb iont.~lr(jnninto tIlc(Ii:;(:hiirqC rcg ion. 13xcitati(m
tt’m})Pi”ilt. .lf”p:,: W(?t-(t (~(lt(lrmi l~~(i ill th{~ llo~~l(s pxt~,~(l:;t t~:; W{*1 I .

For d I1{;z;:;o:;t,~f~nc~tion pru:;sul-tmof 100 tot-r,‘I’C,x(.WII:;IS(lII.i1



to 4600 K. Because of the low densities in the exhaust,
however, the expanding flow is most ceztainly in a non-
equilibrium state. Under such conditions, the excitation
temperature is not equal to the gas kinetic temperature.

Intrusive probe measurements can be utilized to
estimate flow velocities in the ICCP supersonic nozzle
exhaust. A photograph of the nozzle exhaust pattern as well
as the pitot tube used to measure impact pressure
distributions is shown in Fig. 9. Velocity measurements
are, of course, useful for determining thruster Is , an
important indicator of thruster performance. Tots? or
impact pressures made using a pitot tube provide a means of
determining the local Mach number distribution. If the flow
is assumed to undergo an isentropic expansion thrnugh the
nozzle, the Macn number can be estimated kriowing the nozzle
source or stagnation pressure. When the local Mach number
and stagnation or static temperature are known, the mean
velocity can then be calculated. (Calculations pe~formed
with the Aerotherm Chemical Equilibrium computer code (ACE)
show that for a monatomic gas like argon, the ratio of
specific heats and the gas constant are not strongly
dependent on temperature up to 5000K).

A uncooled pitot tube made from a high temperature
alloy (Haynes #230) was coupled to a 250 torr pressure
transducer (Validyne model AP-10). The pitot tube.has an OD
of 3.18 mm and a wall thickness of 0.96 mm. The flow facing
end was flattened to produce an opening approximately 1.7 mm
wide and 0.25 mm high. The tube was connected to a traverse
system that allowed for vertical scans across the nozzle
exit face. The high temperature stream represents a harsh
environment for intrusive measurements and limits the amount
of time the pitot tube can be exposed to the flow without
suffering structural damage. The probe response time is
adequate, however, to allow fairly rapid scans across the
flow. Several impact pressure di.-+ributions are shown in
Fig. 10 recorded at successive poaition~, x, downstream of
the nozzle exit. The characteristic free jet expansion bow
shock structure is evident at the wings of the pressure
scans, particularly for increasing x. The nozzle sta.]natioIl
pressure during these scans was HO torr. A flow centcrlint?
math number was calculated from this set of scans and is
listed in Table I as a function of downstream position.

2( .L!a’Ql !’!h!a-mn!mL-Mbd

().01 1.6
(-).’/2 4.”i
1.”/ 5. 1



3.4 6.4

~stimatinu the Nozzle Staunatzon
.

Tem~e~

The nozzle stagnation temperatures established during
the pitot tube scans was estimated via two indirect
measurement techniques. One method is based upon a
knowledge of the choked mass flow rate, stagnation pressure,
nozzle throat size, and various gas parameters. The other
techn@ue utilizes ratios of stagnation pretisure and
temperature, for constant mass flows, with the plasma tube
on and off.

The expression for mass flow rate as a function of
supply and nozzle conditions is given as:

where:

m= [PoA*/(RTo)1i21Q ,

Q= [7(2/7+l)(”f+l)/(Y-l)]l!2 ,

(2)

(3)

in which p. is the nozzle stagnation pressure, To is the
nozzle stagnation temperature, A* the nozzle throat area, 7
the ratio of specific heats, and R the gas constant. By
measuring the mass flow rate, po, and A , the stagnation
temperature can be determined. With this technique, To, is
calculated to be 2385 K. The ‘Ihotflow~ostagnation
temperature was estimated by another method. For constant
mass flow rates,

TOH .
[(PoH/Poc)(Toc)0”510”5, (4)

=8 Hwh re, To is equal to the hot flow stagnation temperat re,
Hrepresents the cold flow stagnation temperatu~e, p. is

&al to the hot flow stagnation pressure, and p.

,R
re resents the cold flow stagnation pressure. Using Eq. 4,

is equal t.oapproximately 2200 K, i~~reasonable
a~reement with To calculated from Eq. 3.

The centerline mean flow speed can be estimated knowintj
both H(x) and To. Using ise.~tropic gas dynamic relations,
it can be shown that the dimensionless ratio of the mean
tJ.owspeed, u(x), to the stagnation sound speed, ao, cnn lx?
expressed as,

l~(x)/aol (’,)2 = 2/(2/[(M(x))2 + (Y-1)])

~~r ,~ To of 2385 K, the stagnation sound speed is 9(I9m/u.
The calculated LOCPL mean flow speed alonq with the
corrcspondinq I~p is presented in T~blc 11.



0.03 1.05 107
0.72 1.48 148
1.7 1.50 153
3.4 1.52 155

If all the nozzle stagnation enthalpy was converted to
translational kinetic energy, the maximum attainable flow
speed can be found using,

%nax - (2/(y-l)]0”5ao (6)

Using Eq. 5~.%nax = 1.57 km/s, indicating that for our argon
flow, a considerable amount of initial enthalpy has been
converted to translational energy.

If the nozzle was coupled directly to the plasma tube and
the measured tube excitation temperature was to equal the
gas stagnation temperature, ~ax increases to approximately
2.3 km/s (Is = 235 s). If we use a lighter mass
propellant, ~uch as hydrogen, and the fact that the exhaus*
velocity is proportional to the in-<erse square of the
propellant mass, then for the same source temperature, we
can project Isp~s for the RF thruster in excess of 1000 s, a
very respectable value.

Future (Potential) Activiti~

The Los Alamas plasma tube represents a novel device
incorporating features of both a shielded and unshielded
tube. Its use as a high temperature gas source for RF
thruster application is promising. Extensive testinq of the
plasma tube beyond its current use is necessary, however, to
fully characterize the performance of the device. System
variables such as gas species, gas pressure, flow rates,
tube operating frequency, and electrical configuration need
to be examined to maximize efficiency and define plasma tube
performance. Testing with a properly designed nozzle
attachea directly to the plasma tube exit to maximize
attainable flow velocities will allow for a more thorough
determination of thruster capabilities. In addition, more
refined measurements of nozzle exhaust parameters, such as
velocity, need to be made to accurately establish thruster
performance. Non-intrusive diagnostics such as ~lii]li~r lii~;ffll”
induced tlucrescence, currently beinq utilized in our
laboratory for reactive flow characterization, may bC u:;c’ful
in this application. Finally, aLLhough the pl~smii tube ht~:~
ken operated with H2, more d(’finitive testing is ll~’ccssl~ry
to cval’late tube per~ormance with this attractive pi-opollill]t
q,ls.
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A potential ICCP thruster has been described. The ICCP
tube offers a means of establishing high temperature gas
flows without lifetime-limiting, gas contacting electrodes.
The described flow apparatus is not optimized for an RF
thruster application as the nozzle is separated from the
plasma tube and rectangular in design. Such assembly,
although well suited for current combustion studies, results
in a reduction of gas temperature at the thrust generating
nozzle entrance and a concomitant loss in flow velocity.
Properly configured and operational~~ optimized, the ICCP
has potential as an alternative, low thrust, electric
propulsion device.

Both non-intrusive (emission measurements) and probe-
based measurement techniques have been used to estimate
conditions in the plasma tuba and nozzle discharge. On the
basis of these measurements, discharge velocity values have
been calculated. For arqon flows, a maximum I.= of 155 s
has been measured This-
higher with the use of a
hydrogen.

number could scale cnii~iderably
lighter propellant such as
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